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5 86 while range shifts spread at a speed determined by the rate of environmental change, maintaining 87 a constant population width which expands at the front and recedes at the rear. We also compare 88 how these different demographic scenarios may lead to different dynamics of population 89 recovery, given that gene flow from the species core is a major factor in recovery for expansions 90 and will be lacking in range shifts. We assess the impact that speed of environmental change has 91 on the severity of fitness loss during a range shift. These results have implications for the 92 persistence of species in the face of global climate change and how various demographic 93 scenarios can lead to different outcomes for species in terms of genetic diversity and population 94 fitness. 95 
Results

96
Range shifts lead to greater fitness loss per distance 97 Soft selection 98 We compared the evolution of mean fitness at the leading edge of an unconstrained range 99 expansion with range shifts in which the speed of the shift is constrained by extrinsic forces such 100 as environmental change. Importantly, the speed of the unconstrained range expansion sets a 101 limit for the upper speed at which a range shift can successfully track a moving environmental 102 niche. We find that rate of fitness loss per generation is less severe in range shifting species than 103 in expanding species (Fig 1A and 1B , Table S1 ), but the speed at which the range shifts proceed 104 is a key factor determining the rate of fitness loss per generation. When the speed of the shift is . Decreasing the speed of range shifts leads to less fitness loss per generation ( Fig 1A   108 and 1B), as expected. Surprisingly however, the rate of fitness loss per unit space is greatest at 109 intermediate speeds of range shifts ( Fig 1C and 1D ). When mutations are fully additive, the 110 fitness of a range shifting species is lower than that of a range expanding species when compared 111 at the same distance travelled ( Fig 1C) . With fully recessive mutations, faster shifts and 112 expansions initially experience more fitness loss per deme than slower shifts. This is because 113 recessive mutations can be maintained at higher frequencies under mutation-selection balance 114 prior to a shift or expansion, and strong drift at the expansion front leads to rapid expression of 115 these alleles in the homozygous state even though the average number of deleterious alleles per 116 individual remains constant Jarne 2001, Peischl & Excoffier 2013) . This is 117 reflected in the higher number of fixed deleterious variants at the front when mutations are 118 recessive ( Fig S1) . Slower shifts avoid this initial rapid increase in homozygosity because drift is 119 less strong but do have a steeper slope of fitness loss per space overall and eventually lose more 120 fitness overall as compared to the fastest shifts ( Fig 1D) . At the slowest speed of range shifts, our 121 simulations deviate from the analytic model ( Fig 1A and 1B ) because at these slower speeds 122 migration from behind the front has time to reach the range edge, which is not a factor included 123 in our analytic model.
124
To further understand the relationship between the speed of a range shift and fitness loss 125 per unit space, we compared our analytical model to additional simulations (v = 0.2, 0.1, 0.066, 126 0.05, 0.04, 0.033, 0.025, and 0.02 demes per generation; Fig 2) . Our model predicts that the 127 fitness loss per unit of space is maximized at a critical speed of approximately ≈ 128 demes per generation, which matches our simulation with the most (2 -1) (2 -1) = 0.056 7 130 forces that govern the accumulation of deleterious mutations during range shifts. As shifts 131 proceed faster, the time taken to colonize a new deme is reduced thereby decreasing the average 132 number of mutations that will spontaneously enter the population ( Fig 2C) . Furthermore, as 133 shifts proceed faster, population sizes are on average smaller at the front (Hallatschek 2008) 134 leading to more genetic drift and gene surfing. This decrease in N e leads to a higher probability 135 of fixation for deleterious alleles and a lower probability of fixation for beneficial alleles (Fig   136 2D , Peischl et al. 2016) , resulting in slower range shifts always exhibiting less fitness loss per 137 unit time (Fig 2A) . The trade-off between efficacy of selection (more selection during slower 138 shifts) and the amount of influx of harmful mutations during a range shift (more mutations 139 during slower shifts) creates the non-monotonic behavior we find in both the analytic model and 140 simulations ( Fig 2B) . This non-monotonic behavior persists across a range of carrying capacities 141 and migration rates, with larger population sizes, migration rates or stronger selection leading to 142 faster critical speeds (Supplemental Fig S2) . With an increasing influx of deleterious mutations, 143 a wider range of shift speeds lead to greater fitness loss than a range expansion, while increasing 144 the efficacy of selection (either via larger carrying capacities, less severe founder effects, or 145 stronger selection) leads to fewer speeds at which range shifts suffer more fitness loss than 146 expansions.
Hard Selection
148
Under hard selection, we find a qualitatively different result where range shifting species 149 can go extinct for the parameter values we used (Fig 3) . Because the speed of spread depends on 
165
Recovery after expansion 166
In all simulated cases, recovery from accumulated deleterious load is faster and of higher 167 magnitude after a range expansion than after range shifts. Both shifts and expansions exhibit an 168 initial lag in fitness recovery upon crossing the landscape ( Fig 1A and 1B ) which can be 169 explained by the slower fixation of beneficial mutations once surfing has stopped ( Fig S1) .
170 Expansions accumulated the least load overall, and thus had less load to recover from (Table S1) , 171 yet still show higher rates of recovery than the range shift models ( Fig 1A and 1B) . Range shifts 172 accumulated more fixed deleterious load than range expansions, and still show minor increases 173 in fixed load after the shift has stopped. In contrast, fixed deleterious load is purged after 174 expansions during this recovery phase ( Fig S1) . Neutral diversity also returns to a much higher 175 level after an expansion as compared to a shift (average heterozygosity = 0.2 vs. 0.125, 9 176 respectively; Fig S4) . Beneficial mutations show similar rates of increase in fixation during 177 expansions and shifts, but significantly higher rates in the recovery phase for range expansions 178 versus range shifts ( Fig S1) . Differences in recovery between expansions and shifts arise due to 179 two factors. First, the migration of beneficial variants from the core to the edge of the range 180 reintroduces polymorphism, which is impossible in case of a shift since the core has disappeared.
181 Second, the effective population size is overall much smaller in our range shifts (see 182 Supplemental Figs S5-S6 for further discussion on the effects of N e on fitness recovery).
183
Incomplete dominance and complex DFEs Fitness loss in time versus space 218 We have found that since range shifts are forced to proceed more slowly than pure range 219 expansions, fitness loss per unit time is decreased. This is in agreement with previous models of 220 range expansions where it is now well established that faster expansions lead to stronger genetic 
273
Understanding which species are most likely to undergo range shifts rather than range 274 expansions is thus essential for conserving biodiversity into the future. Specialist species are 275 more likely to shift their range, while generalists are more likely to expand an existing range.
276 Furthermore, specialists that shift over latitudes may travel greater geographic distances than 277 specialists that shift shorter distances over elevation along mountain slopes to track their 278 environment. This may potentially put latitudinally shifting species at greater risk to suffer from 279 expansion load (with the additional caveat that mountainside species will eventually run out of 280 elevation and likely go extinct).
281
Demography and mutational parameters impact recovery rates 282 Recovery from expansion load has not been thoroughly examined in previous studies of 283 range expansions. The presence of a high-fitness species core clearly prevents extinction in the 284 case of hard selection and allows for greater fitness recovery in all cases due to the ability of 285 migrants from behind the expanding front to replenish genetic diversity at the edge. Range shifts 286 lack this recovery mechanism because the core and its high fitness individuals go extinct due to 287 the changing environment. This emphasizes the need to maximally conserve species ranges in 288 their entirety, not only in limited or fragmented sections, and particularly the species range core 14 289 where individuals are expected to be of higher fitness and possess greater genetic diversity 290 (Eckert et al. 2008 , Vucetich & Waite 2003 .
291
Effective population size and the connectivity of populations plays a role in recovery 292 from expansion, as is visible in 2-dimensional landscape models ( Supplementary Figs S5-S6 ).
293 Although it is difficult to directly disentangle the effect of the 2-D landscape versus the effect of 294 different effective population sizes, both larger populations and more substructured populations 295 show higher fitness recovery after both expansions and shifts. This is in agreement with previous 296 models which found that 2-D landscapes allow multiple fronts of expansion at which some 297 would experience less fitness loss than others (Peischl et al. 2013) . Selection can increase the 298 frequency of beneficial mutations and purge deleterious load more efficiently in large 299 populations, and migration among genetically diverse subpopulations with different fixed 300 deleterious alleles can eliminate fixed expansion load. Future simulations implementing even 301 wider 2-D landscapes should be tested, as we would expect shifts to exhibit greater recovery 302 since more genetic diversity would be maintained in a larger population.
303
The distribution of fitness effects (DFE) of new mutations is also an important factor for 304 population recovery. The true DFE across species and populations still needs to be better 305 understood, but there is general agreement that deleterious mutations have complex and multi- 
388
In a subset of simulations, we investigate the impact of partial dominance through three 418 initial frequency at the front. F is the number of founders of a new deme during the 0 419 expansion, and T is the time between two consecutive colonization events. Note that in this 420 model, selection acts during these T generations, after which drift acts as a founder effect by 421 randomly sampling F individuals. In the case of range expansions, we matched T to the average 422 observed speed of range expansion in simulations (T = 3.9). We set the relative fitness at the 20 423 onset of the expansion to to ensure comparability across results. To compare our (0) = 1 424 results to simulations we assume that F = K m/2 . 425 Acknowledgements 426 We would like to thank_____. KJG was supported by EMBO long-term fellowship ALTF2-2016 427 and LE by Swiss NSF grant No 310030B-166605.
428 Data Availability 429 All simulated data can be regenerated from the parameter sets in Supplementary Table S2 . Code 430 for performing the simulations can be downloaded from GitHub at
